We show that new silicon crystalline phases, observed in the experiment with the laser-induced microexplosions inside silicon crystals (Rapp et al. Nat. Commun. 6, 7555 (2015)), are all superstructures of a disordered high-symmetry phase with Ia3d cubic space group, as well as known for many years phases bc8 (Si-III) and r8 (Si-XII). The physics of this phenomenon is rather nontrivial:
using the ideas of metadynamics and evolutionary algorithms. The exotic silicon phases like bc8, r8, and those new discovered by Rapp et al. [27] have provided a novel insight into the local structure and properties of the amorphous phase of silicon [8, 9, 22, 31] .
In the present paper we suggest a unified description of all new silicon crystalline phases (except st12) observed by Rapp et al. [27] and numerous similar phases. Those complicated phases are shown to be the bc8-like structures with periodically switched strings, like in the simple case of r8. As a result, the lattice vectors of those phases are some periods of bc8. In addition to known bc8, r8, and bt8, we generate a complete set of bc8-like phases with 16, 24, and 32 atoms per primitive cells and relax their structures ab initio.
II. BC8 STRUCTURE AND STRING SWITCHING
As it was mentioned in the Introduction, the atomic structure of the bc8 phase can be considered as a set of atomic strings directed along threefold cubic axes (the space group Ia3, no. 206). Here the string structure is described in detail ( Fig. 1 ). All the atoms are located at 16c sites x, x, x (x = x w ≈ 0.1) with threefold point symmetry and there are two nonequivalent inversion centers at 8a sites 0, 0, 0 and 8b sites 1 4 , 1 4 , 1 4 . If we select one threefold axis, say [111] passing through the origin 0,0,0 (all threefold axes are equivalent), then its atoms have coordinates ( n 2 , n 2 , n 2 )± (x w , x w , x w ), where n is an arbitrary integer. The A-bonds between neighboring atoms are (2x w , 2x w , 2x w ) and they alternate with the next-neighbor distances A ′ along the threefold axis are ( 1 2 − 2x w , 1 2 − 2x w , 1 2 − 2x w ). Therefore the string of atoms looks like a sequence of alternating A-bonds (centered at inversion centers n 2 , n 2 , n 2 ) and 1.5 times longer stretches A ′ centered at inversion centers 1 4 + n 2 , 1 4 + n 2 , 1 4 + n 2 (Fig. 1b ). The string of this type will be called white, hence the subindex w.
However, there is another value of x, x = x b = 1 4 − x w which gives exactly the same bc8 structure rotated as a whole by the angle π 2 relative to the previous one (the subindex b means black). The black and white bc8 structures can be also transformed one to another by small local shifts of atoms along threefold directions resulting in rebonding of A-bonds, as has been suggested by Crain et al. [15] for the r8 phase and described above in the Introduction. In the string picture ( Fig. 1c ), the rebonding means simply that A ′ and A-bonds are locally permuted (switched), Fig. 1 .
Thus, for the black bc8, in the considered above [111] string the A-bonds are centered at 1 4 + n 2 , 1 4 + n 2 , 1 4 + n 2 whereas A ′ at n 2 , n 2 , n 2 . An important observation is that any set of the strings can be independently switched from black to white without violation of energetically favorable tetrahedral coordination [22, 23] . The tetrahedral coordination means that each atom has four bonds with its neighbors, the lengths of bonds are not very different and all the interbond angles exceed π 2 . An example of bond length and angle statistics can be found below. The switching of a single isolated string in the perfect bc8 phase has been simulated ab initio [23] and it has been found that it costs less then 0.02 eV per atom.
Obviously, if any string is allowed for switching independently of the others, then it is possible to obtain of about 2 N different structures, where the total number of strings N is proportional to the surface area of the crystal. This huge number of potential structures arises from a purely combinatorial consideration, without taking into account their relative energies. Moreover, due to the black/white ambiguity, different switching combinations can define the same structure. For example, two cases when all strings along the four cubic 3-fold axes have the same color, (w, w, w, w) or (b, b, b, b), correspond to a single structure, namely bc8. Further, if the strings parallel to any two 3-fold axes are white, The fact that phases bc8 and bt8 are not connected by a group-subgroup relation suggests that there could be a more symmetrical structure which is parent to them both. For instance, it could be a structure with space group Ia3d, which is a supergroup for both Ia3 and I4 1 /a. One evident way to construct the Ia3d structure is to turn all the strings into the half-switched state. In this case, all the atoms occupy (16b) positions of Ia3d with three-coordinated graphite-like atomic environment ( Fig. 1a ). Atoms of each Ia3d string can be moved in one of two opposite directions until they reach positions with tetrahedral atomic environment ( Fig. 1b or Fig. 1c ). However, three-coordinated configurations are not favorable for silicon. Another, more physical way to obtain the Ia3d phase is to suppose that all the strings are randomly switched in one of the possible state black or white so that the Ia3d symmetry is a result of disorder [22] . In this case the transitions from Ia3d phase into bc8, r8, bt8, and more complicated superstructures could be of disorder-order type.
III. BC8-LIKE SUPERSTRUCTURES WITH ENLARGED PRIMITIVE CELLS
More complicated bc8-like phases with lager primitive cells can occur, only when their parallel strings have different colors. The primitive cells of such phases are multiples in volume and number of atoms to the primitive cell of bc8 
P 43212 (96) PC 43212 (96.149) and the periods a, b, c of any cell are any three linearly independent periods of bc8. In addition, each cell constructed on arbitrarily selected periods of the initial bcc lattice can correspond to several phases with different space groups, depending on the colors of the strings passing through it. In order to enumerate and classify the structures, one need to calculate the number of independent, i.e. not connected by periodicity, strings in each of the four directions 111 .
To do this, the total length of the strings of the same direction, cut by the cell, should be divided by the smallest lattice period along the direction. For example, the number N 111 of independent strings parallel to the axis [111] of the group Ia3 is equal to the greatest common divisor of three triple products
where a, b, and c are the primitive cell periods, expressed in parameters of the initial bcc lattice. The numbers N11 1 , N1 11 , and N 111 can be calculated in the same way. The combinatorial amount of possible sets of independent string switching is equal to 2 N111+N11 1 +N1 11 +N 111 , however, the actual number of different phases is significantly less.
For example, as mentioned above, in the case of the smallest primitive cell (N 111 = N11 1 = N1 11 = N 111 = 1), 16
possible combinations of black/white switchings generate only 3 different phases, bc8, bt8, and r8. This significant reduction in the number of different structures is due to two reasons. First, some of the structures can be connected by the elements of the group Ia3d, translations and rotations, not included in the their space group. Second, some combinations of switching can, in fact, correspond to smaller primitive cells.
Recently, several new silicon phases were experimentally observed with primitive cells two and four times larger than that of bc8 [27] . They are listed in the bottom part of Table I . Along with the names of these structures according to Ref. [27] , we append the names in accordance with our classification (in parentheses). In addition to conventional space groups of the crystals, the black and white (Shubnikov) groups are also presented. The last column shows three periods of the corresponding ideal unit cells, expressed in parameters of the initial bcc lattice of the bc8 phase.
Indeed, all the phases listed in Table I , unlike some others (diamond, st12, etc.), belong to the same family and can be described in the language of string switching, Figs. 2-4 .
The list of structures in Table I is far from being exhaustive. As a first goal, we would like to find all the similar structures with double, triple and quadruple cells, i.e. containing 16, 24, and 32 silicon atoms in a primitive cell, respectively. The first step is to list all the different lattices with cells of the specified volumes with bases constructed Such identical structures should also be discarded. The statistical results of the search are summarized in Table II .
Seven lattices (one with double primitive cell, two with triple one, and four with quadruple one) give rise to 128 structures (or 177 if we consider the chiral enantiomorphs as different structures), four of which are listed in Table I .
The Supplemental material contains the detailed description of atomic arrangements in those new phases, their energetic and structural relaxation (DFT simulations using Quantum ESPRESSO package [33, 34] ) and attached crystallographic information files (CIFs) with atomic coordinates [35] . As can be seen on the example of the bc8, bt8, and r8 crystals, simultaneous switching of all strings of a crystal (hereinafter referred to as conjugation), e.g. from (w, w, w, w) to (b, b, b, b), is equivalent to a rotation of the crystal as a whole and does not lead to the appearance of a new phase. The question arises whether this is a common property of such structures? The answer is no, and, indeed, already among the crystals with a double primitive cell, we find two different triclinic structures, a16-3 and a16-4, conjugated to each another. Note that this operation does not affect the elements of spatial symmetry and therefore both phases have the same space group. Nevertheless, their physical properties: energy, atomic density, cell parameters, etc., generally speaking, should differ.
In order to prove that conjugated structures have the same space group, an analogy with magnetic crystals can be way. The magnetic analogy allows one to enlarge the space group of a bc8-like phase by adding symmetry elements transforming the structure into the conjugate one, and to describe the full symmetry by the use of Shubnikov magnetic groups [36] [37] [38] . If the magnetic group of a particular structure differs from its conventional space group, then this structure is self conjugate. Thus, the magnetic groups of the bc8, bt8 and r8 crystals are Ia3d ′ , I4 1 /ac ′ d ′ , and R3c ′ , correspondingly (Table I) . In Supplemental material all the crystals are classified both by space and magnetic groups [35] .
V. MICROSCOPIC STRUCTURE DETAILS
Let us analyze the distortions induced in the structure by the string switching. As has been mentioned in the Introduction, each atom has one A-bond parallel to a 3-fold axis and three non-symmetric B-bonds. In accordance with this fact two kind of angles between the bonds can be distinguished, the α angle between bonds A and B, and the (Fig. 5 ). The statistical variation of the angles calculated from the structural data from [27] is shown in the graph using Gaussian distributions. It is seen that the angles α, β 1 , β 2 and β 3 are well distinguished. Apparently, the angles α close to 90 • have the greatest energy disadvantage, and the microscopic structure undergoes additional distortion in order to increase them. An important characteristic of a tetrahedral structure is the statistics of atomic rings. All considered bc8-like phases have the girth (i.e. minimal ring) equal to five, except for the bc8 itself, made up exclusively of six-membered rings.
For the first approximation, we can investigate the dependence of the physical properties of the crystals on the number of five-membered rings per atom, which varies from ν 5 = 0 for bc8 to ν 5 = 1 for bt8. Fig. 6 shows dependencies of the energy and volume per atom on ν 5 calculated for several bc8-like phases. It follows from the figure that with increasing frequency of five-membered rings the tendency is observed to increase in energy and decrease in the volume of the crystal.
The number of five-membered rings in a bc8-like phase correlates with the frequencies of different angles from Fig. 5 .
The five-membered rings appear only upon the string switching, when bonds are formed between black and white strings. Moreover, a necessary and sufficient condition for making a five-membered ring is the local configuration containing the angle β 1 at an atom. Thus, the number of five-membered rings coincides with the number of the β 1
angles. In addition to the vertex with the angle β 1 , each five-membered ring has a vertex α ′ and three vertices α ′′ .
Besides, an α ′′ angle can be common for two adjacent five-membered rings. Using relations between the numbers of angles of different type in bc8-like structures, we find that 
; the squares are for some new structures described in the present paper. The energy is measured from that of bc8. ν β2 = 3 − 3ν 5 .
VI. DISCUSSIONS AND CONCLUSIONS
In summary, we described in detail the physical mechanism behind the complicated silicon structures observed after ultrashort laser microexplosions [27] . Those silicon phases (except st12) can be obtained from the bc8 phase by switching the 111 atomic strings in a regular (periodic) way. The stochastic switching of the strings gives a disordered phase with Ia3d cubic symmetry, and the space groups of the bc8-like phases are subgroups of Ia3d. All the possible phase transitions between different bc8-like phases should be of the first order (not continuous) because atoms of the switched strings jump over finite distances.
Our consideration suggests a possible scenario for the observed polymorphism of bc8-like phases. It was shown in
Ref. [23] , that the reduced intensity functions (the structure-dependent parts of the X-ray scattering pattern), are very similar for amorphous silicon and for disordered polycrystalline Ia3d phase. Thus, we can suppose that the high-temperature/high-pressure amorphous phase first transforms into disordered Ia3d phase and then, depending on local temperature, pressure, and shear, into different bc8-like phases for which Ia3d is the parent phase. It would be important to study carefully the diffraction patterns of experimentally observed phases because of predicted rich polymorphism of bc8-like phases.
It would be very interesting to use the technique of Rapp et al. [27] for the bc8 crystals instead of diamond silicon because in this case new bc8-type phases will grow inside the parent bc8 matrix. Reasonably large phase-pure bc8 polycrystals (several mm size) have been grown recently by different methods [39, 40] .
